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Abstract 
Heterosporosis a disease caused by a microsporidian parasite, Heterosporis 
sutherlandae, and can result in lesions in the host muscle tissue. I developed a stochastic, 
cohort-based integrated disease model to predict the impacts of this parasite on a yellow 
perch (Perca flavescens) population. I addressed if heterosporosis can cause large losses 
of yield and which factors are most important to yield. I conducted field and laboratory 
work to parameterize my model. I found that heterosporosis was rare in all field sites and 
sampling seasons (6% average prevalence). Transmission by feeding infected tissue 
ranged between 23% and 31%, while only 2% of minnows exposed by near direct contact 
became infected. My model indicates that heterosporosis may become extinct in Leech 
Lake in 25 years, is unlikely to cause significant losses of yield, and that yield is more 
sensitive to bioenergetic parameters (183% change in yield) than to disease (<1% change 
in yield).  
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Chapter 1 
General introduction: Heterosporis sutherlandae: A case study 
illustrating the need for mathematical models to describe impacts of fish 
disease on a population scale  
Background 
 Freshwater fisheries are a critical component to the global economy, human 
nutrition and culture, and a functioning ecosystem. Inland capture fisheries produced 11.9 
tons of food in 2014 (FAO 2016), which serves as an important source of fatty acids and 
protein, particularly for nutritionally insecure populations (Beveridge et al. 2013, Youn et 
al. 2014). The estimated yearly total value in 2016 of fisheries and aquaculture was 160 
billion USD, and represents one of the most-traded portions of the food-sector, again 
especially important to developing nations (FAO 2016). Freshwater fisheries provide 
recreational (Arlinghaus et al. 2002), tourism (Ditton et al. 2002) and spiritual (Cooke 
and Murchie 2015) opportunities.  Freshwater fisheries also provide a myriad of 
ecosystem services outside of human benefits. Fisheries can affect top-down control on 
ecosystems, and the removal of predatory fish may trigger trophic cascades, particularly 
for eutrophic systems (McQueen et al. 1986, Leveque 1995). Additionally, fisheries 
support complex nutrient cycling systems, both in aquatic (Vanni 2002) and in terrestrial 
ecosystems (Gende et al. 2002).   
 Fisheries, while increasingly recognized as an essential part of global systems, are 
declining (FAO 2016). Inland fisheries are of particular concern due to the vulnerable 
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nature of freshwater biodiversity (Dudgeon et al. 2006), and the potential for 
unrecognized collapse in these fisheries (Post et al. 2002). Many threats face inland 
fisheries including climate change, conflicting water management priorities (Marcogliese 
2008), the introduction of invasive species (Dudgeon et al. 2006), and overexploitation 
and bycatch/release mortality (Cooke and Murchie 2015).  
Disease-related losses pose an additional threat to freshwater fisheries (Peeler and 
Feist 2011, Bain et al. 2010, Kim and Faisal 2011).  Climate change and other 
anthropogenic effects (Marcogliese 2008, Peeler and Feist 2011) are only expected to 
exacerbate this problem. Aquaculture has been increasingly used to reduce the burden on 
wild stocks (Naylor et al. 2000). However, the aquaculture industry is burdened with 
huge economic losses due to disease (Meyer 1991, Bondad-Reantaso et al. 2005). One 
striking example is the near-collapse of the Chilean salmon farm industry. Chile is the 
second-largest producer of farmed salmon in the world (Bjorndal 2002). The entire 
industry’s output was reduced by 75% in five years due to an outbreak of Infectious 
Salmon Anemia (Asche et al. 2009). Aquaculture may also pose a risk to wild 
populations due to emerging or amplification of endemic disease (e.g., Caligus spp., 
Viral Hemorrhagic Septicemia Virus; Murray and Peeler 2005, Bondad-Reantaso et al. 
2005, Costello 2006, Bain et al. 2010).  
Compartmental disease models are widely used in agriculture, wildlife, and 
human systems (Anderson and May 1979); however, this approach has yet to be widely 
adopted in fisheries (Reno 2011). Disease models allow for the prediction of disease 
effects at the population-level based on an individual-level knowledge of the disease 
system (Keeling and Rohani 2008). Their purpose is either to predict disease patterns to 
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inform management policies, as was the case in the avoidance of a large-scale epidemic 
of foot-and-mouth disease in the United Kingdom (Keeling 2005), or to understand 
disease dynamics via simulation (Keeling and Rohani 2008).  
The fisheries parasite models that do exist tend to be statistical models describing 
predictive factors (Scheel et al. 2007, Aldrin et al. 2010) or spatial trends (Craust et al. 
2009, Viljugrein et al. 2009, Mardones et al. 2013), or used to describe broad ecological 
principles of disease (Wood et al. 2010 and 2014), rather than disease effects within a 
population. Those rare examples that examine fish disease on a population scale are 
simple compartmental models (Patterson 1996, Lorenzen et al. 1991) that ignore the 
interaction of the environment, a factor particularly important for fish species 
(MacMahon and Pugh 1970, Snieszko 1974, Arber et al. 1974, Hedrick 1998, Lafferty 
and Kuris 1999, Lafferty and Holt 2003, Pernet et al. 2016). 
Models that integrate disease, population and environmental influences over a 
population could be used to better understand disease cycles, and therefore inform 
disease management strategies (Pats et al. 2004, Wilcox and Colwell 2005, Parkes et al. 
2005, Shi et al. 2009, Zinsstag et al. 2011). Changes in fish population density influence 
disease cycles through changes in contact rate (Wood et al. 2010). It may be possible to 
“fish out the parasite” to favorable outcomes for the fishery by manipulating fish 
population density (Wood et al. 2010, Ben-Horin et al. 2016). However, accomplishing 
this manipulation would require the ability to replicate the many aspects of fish 
population and disease dynamics with the inclusion of influential environmental 
parameters (Beh-Horin et al. 2016).  
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Heterosporis sutherlandae 
Heterosporosis is a disease of concern in Minnesota that is caused by the obligate 
intracellular microsporidian parasite Heterosporis sutherlandae. The Minnesota Aquatic 
Invasive Species Research Center (2014 Research Needs Assessment) and the Great 
Lakes Fisheries Commission (Phelps et al. 2015) have identified H. sutherlandae as a 
disease of concern given the perceived risk to farmed and wild fish populations, and 
insufficient science-based information to guide policy and management. Heterosporis 
sutherlandae was reported by Drs. Dan Sutherland and Don Cloutman in Wisconsin and 
Minnesota, respectively (Sutherland et al. 2000, D. Cloutman personal communication) 
in the year 2000, it has since been detected in 45 water bodies in the Great Lakes regions 
(Phelps 2015). Infection likely occurs through the ingestion of spores suspended in the 
water column or consuming infected tissue (Lom and Nilsen 2003, Dyková 1995, 
Diamant et al. 2010, Al-Quraishy et al. 2012, Phelps et al. 2015). The spores form 
intracellular reproductive structures, called sporophorous vesicles, inside skeletal muscle 
cells. These vesicles eventually rupture, releasing spores to the surrounding muscle 
tissue, destroying the tissue in the process. Heterosporosis causes a soft, freezer-burned 
appearance to the fillet, rendering the fillet inedible to humans, and has potential fitness 
consequences for the fish host (Lom et al. 2000, Phelps et al. 2015). Experimental 
infections and field observations have identified fifteen susceptible fish species, including 
recreationally-valuable species such as northern pike, (Esox lucius), rainbow trout 
(Oncorhynchus mykiss), and yellow perch (Perca flavescens; Sutherland et al. 2000, 
Miller 2009, Phelps et al. 2015).  
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Earlier research on H. sutherlandae suggests that the parasite has large effects on 
yield and are difficult to control. A high proportion of infected individuals was detected 
(28%) in 2004 in Leech Lake, Minnesota, (Tomamichel et al. unpublished data). 
Laboratory exposures found a high rate of infectivity (up to 100% in rainbow trout) and 
revealed that a high concentration of chlorine (2200 ppm) is required to deactivate spores 
(Miller 2009). This concentration is forty times higher than in standard laboratory 
sterilization protocols (Ferguson et al. 2007). Additionally, there are currently no 
therapeutic treatments for infected fish. A yield model developed by Tomamichel et al. 
(unpublished data) indicated that even small increases in mortality due to heterosporosis 
would likely have large consequences for the fishery. Additional loss in yield is likely to 
occur due to angler discard of infected fish (Phelps et al. 2015). 
Other microsporidian species have been associated with increased mortality for 
wild, farmed and laboratory fish. Microsporidians have been recognized as the most 
common laboratory parasite in zebrafish (Danio rerio; Sanders et al. 2012), correlated 
with a mass mortality event in rainbow smelt (Osmerus mordax; Nepszy and Dechtiar 
1972) and lowered survival in wild juvenile chinook salmon (Oncorhynchus tshawytscha; 
Antonio and Hedrick 1995). Phelps et al. (2015) suggested that fish infected with 
heterosporosis experience indirect, parasite-induced mortality due to host muscle 
degeneration.  
Our limited understanding of H. sutherlandae transmission, and effects on host 
fitness and mortality make it difficult to predict the population-level impacts of H. 
sutherlandae and evaluate the risk that the parasite poses to freshwater fisheries. 
Although H. sutherlandae may causes sublethal effect due to host muscle degeneration, 
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there may also be additional physiological effects associated with the energetic cost of 
fighting infection. These costs could include impaired immune function, reduced 
fecundity or fertility, and altered population structure and host behavior (Marcogliese et 
al. 2010). Because of the high mortality associated with other microsporidians, the 
hypothesized sublethal effects of H. sutherlandae, the potentially difficult eradication, 
and the unknown consequences to host populations, further investigation of this parasite 
is needed to estimate the loss of yield associated with infection and prioritize future lab or 
field research.  
Overview of study 
I developed an integrated model that incorporated elements of bioenergetics, 
population, and disease modeling to simulate both lethal and sub-lethal effects of H. 
sutherlandae infection in a yellow perch population in Leech Lake, Minnesota. I asked 
three specific questions: (i) can heterosporosis lead to losses in yield of the fishery, (ii) if 
not, what levels of transmission would be necessary for yield loss, and (iii) what biotic, 
abiotic, and/or epidemiological factors are most important to yellow perch yield? I 
parameterized my model by sampling Leech Lake seasonally in 2015-2016, exposing 
laboratory fish to collected spores, and through literature review. I then used elasticity 
analysis to identify the parameters that were the most important to harvest.  This model is 
not only useful to evaluate the risk of this disease at the population level, but can also 
serve as a framework to model other diseases affecting fisheries. Chapter 2 consists of a 
series of laboratory experiments and field surveys to understand the epidemiological 
characteristics of heterosporosis (i.e. transmission, mortality, presence of disease in wild 
populations, infection seasonality, demographic host factors associated with infection). 
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Chapter 3 describes the predictive model I developed utilizing the disease characteristics 
found in Chapter 2 to estimate the losses of yield due to the disease, and illustrates which 
parameters have the greatest influence on yellow perch yield.  
This study contributes to the management of fisheries against disease by 
providing a predictive framework to evaluate the losses associated with disease. It also 
contributes to the body of knowledge about H. sutherlandae, a potentially dangerous 
microsporidian parasite, and addresses a lack of predictive, integrated disease models in 
fisheries management. Chapter 4 presents a summary of these contributions, and provides 
recommendations to managers to help protect valuable freshwater resources, both wild 
and farmed, from the damages of disease.  
 
 
 
 
 
 
 
 
 
 
8 
 
Chapter 2 
The prevalence and demographic factors associated with Heterosporis 
sutherlandae infection 
Summary 
Heterosporis sutherlandae has been identified as a high-priority aquatic invasive 
microsporidian parasite infects the skeletal muscle of numerous important fish species and 
renders them unfit for human consumption.  I sampled fishes in three known infected lakes 
in northern Minnesota to evaluate both host demographic and environmental variables 
associated with infection prevalence and severity. Over 1,800 wild fish were collected 
between four seasons and three lakes and necropsied for visible and microscopic signs of 
infection. Heterosporis sutherlandae was rare in all sampling events (range 1-15%), and 
the prevalence and severity of infection only varied with season and lake (range 1-10%, 4-
14% respectively). Yellow perch (Perca flavescens) and fathead minnows (Pimephales 
promelas) that were exposed to the microbe by feeding infected tissue or by cohabitation 
with previously exposed fish contracted the infection at a rate between 23-31% and 2-13%, 
respectively.  None of the yellow perch experienced mortality during the 34-week 
experiment, and there was no evidence that the disease influenced fathead minnow 
mortality rates. These findings suggest that H. sutherlandae is rare in wild fish, has low 
transmission rates, and does not affect host fitness.  
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Introduction 
Microsporidians can have a significant impact on fish health and mortality. 
Microsporidians are the most prominent infection in laboratory fishes (Sanders et al., 2012) 
and can contribute to mass mortality events in wild and hatchery-raised fishes (Nepszy and 
Dechtiar, 1972, Hedrick 1998). They are spore-forming, unicellular, intracellular parasites 
that infect a wide range of both vertebrate and invertebrate hosts. Greater than 100 species 
of microsporidia are known to infect fish (Canning and Lom 1986, Shaw and Kent 1999, 
Lom and Nilsen 2003). These microsporidians cause chronic infections in their hosts by 
destroying muscle, gill or reproductive tissue, the results of which may reduce growth 
(Figueras et al. 1992), impact swimming ability (Sprengel and Luechtenburg 1991) or 
cause sterilization (Summerfelt 2003).  
Heterosporis sutherlandae is a microsporidian parasite discovered in the year 2000 
by Drs. Sutherland and Cloutman in Wisconsin and Minnesota, respectively (Sutherland et 
al. 2000, personal communication). It has since been detected in 26 water bodies in 
Minnesota, 16 in Wisconsin, two in Michigan and one in Ontario (Phelps, 2015).  
Heterosporis sutherlandae is a regulated or managed pathogen in many states, including 
Minnesota, Wisconsin, Michigan, Utah, Maine, and Illinois (personal communication with 
respective state agencies), and a disease of concern for the Great Lakes Fisheries 
Commission (Noyes 2006). Heterosporis sutherlandae was identified as a high-priority 
aquatic invasive microbe by the Minnesota Aquatic Invasive Species Research Center 
given the lack of scientific evidence to support management decisions. 
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Fish are exposed to H. sutherlandae by consuming infected fish or contacting free-
living spores in the water (Miller 2009). Once in the host, the parasite reproduces by 
forming sporophorous vesicles within the skeletal muscle cells, ultimately rupturing the 
cells and destroying healthy tissue (Phelps et al., 2015). Damage to the skeletal muscle can 
be extensive, giving the fillet a freezer-burned appearance and rendering it unfit for human 
consumption (Lom et al. 2000, Sutherland et al. 2000, Tsai et al. 2002, Miller 2009).  
There is limited research on host demographic effects, effects on host fitness and 
mortality, and transmission of H. sutherlandae. Sampling in the year 2004 in Leech Lake 
revealed a high proportion of infected individuals (28%), that infection presence and 
severity increased with weight and age, and that a larger proportion of male fish were 
infected than females (Tomamichel et al. unpublished data). Although extensive tissue 
damage from related Heterosporis species can result in direct mortality of fish (Al-
Quraishy et al. 2012), direct mortality has not been evaluated for H. sutherlandae. Infected 
fish may also be more likely to suffer reduced fitness and indirect mortality through 
reduced food consumption, immune function, predator avoidance, and reproduction 
(Phelps et al. 2015).   Laboratory exposures found a high rate of infectivity for many species 
(up to 100% in rainbow trout (Oncorhynchus mykiss)) and a wide range of susceptible 
species (Miller 2009) including economically-important game fishes such as walleye 
(Sander vitreus) and yellow perch (Perca flavescens) (Sutherland et al. 2000). However, 
our limited understanding of H. sutherlandae (e.g., transmission, seasonality effects, and 
effects on host survival) renders it difficult to predict the population-level impacts of H. 
sutherlandae and evaluate the risk that the parasite poses to freshwater fisheries.  
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In this study, I estimated H. sutherlandae (i) transmission, (ii) host mortality and 
growth effects, (iii) seasonality effects on the presence and severity of infections in the 
wild, and (iv) demographic factors associated with infection. Discerning transmission 
variables and disease effects on the host are critical to understanding the epidemiology and 
population-level impacts of a disease. I chose yellow perch for my study due to the large 
amount of data on yellow perch physiology, their importance as a game fish and prey item, 
and their relatively high susceptibility to H. sutherlandae (Miller 2009). This information 
will contribute to the understanding of this microsporidian parasite, and can aid in the 
development of simulation models for estimating population-level impacts.  
Methods 
Prevalence and severity in wild populations 
I sampled fishes in three large, economically important lakes that are known to 
contain H. sutherlandae (Table 2.1). The target sample size was 200 yellow perch and 200 
individuals of other species, including walleye (Sander vitreus), northern pike (Esox 
lucius), and cisco (Coregonus artedi). In fall 2015, I sub-sampled fishes captured during 
the Minnesota Department of Natural Resources (MNDNR) gill net survey in Cass (Cass 
County), Winnibigoshish (Itasca County) and Leech Lakes (Cass County). MNDNR staff 
sampled locations in each lake that were likely to yield large numbers of perch. To test for 
seasonal disease dynamics, I also used a combination of methods to sample fishes in two 
bays in Leech Lake (Walker and Steamboat; Figure 2.1) in winter, spring, and summer 
2016 (Table 2.1).  
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All fish collected in the field were measured for length and weight, and sex was 
determined by visual inspection of the gonads prior to freezing. During necropsy, fish were 
filleted on the left side, and muscle tissue was examined for characteristic lesions. Fish 
fillets were frozen for storage to kill H. sutherlandae spores and prevent disease spread 
(Miller 2009) and then later thawed for microscopic analysis. A tissue sample was taken 
from the fillet above the rib cage and analyzed under 200x magnification (Tomamichel et 
al. unpublished data). If the fillet contained a muscle lesion, a second sample was taken 
from the damaged area and examined at the same magnification. Microscopy was 
performed by viewing three random areas of the second slide. Spores were counted in each 
field of view and the presence of sporophorous vesicles was noted. In the case of severe 
infection (>200 spores), the number of spores was estimated by counting the number of 
spores in a user-defined sub-section (randomly selected from sub-sections that contained 
spores) and then multiplying by the number of sub-sections covered by spores. If a single 
spore was detected, the fish was considered positive for H. sutherlandae infection. Severity 
was defined as the total number of spores counted in all three fields of view.  
I distributed data sheets to seven resorts on Cass, Winnibigoshish and Leech Lake 
(three on Cass, two on Winnibigoshish and two on Leech) to supplement our field efforts. 
Resort owners were instructed to record the number of yellow perch that were collected by 
guests in fall 2015, and discarded due to the presence of characteristic muscle lesions.  
All statistical analyses were performed in R (Version 3.4.1, R Core Team, 2017). I 
used bivariate, binomial, linear regression to compare the presence of infection to fish 
species, sampling season (in the case of Leech Lake), condition, sex, and lake (for the fall 
season), and ANOVA to compare the severity of infection to the same parameters, with the 
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exception of condition. Condition was calculated using Fulton’s condition factor equation 
(Nash et al. 2006):   
𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 =  
100,000∗𝑊𝑒𝑖𝑔ℎ𝑡 (𝑔)
𝐿𝑒𝑛𝑔𝑡ℎ (𝑚𝑚)3
. 
 A linear regression with a normal error distribution was used to evaluate the relationship 
between condition factor and severity of infection. I performed these analyses for all 
species pooled, and separately for yellow perch.  
H. sutherlandae transmission, mortality and growth effects 
I performed laboratory experiments to determine the transmission, growth and 
mortality effects of H. sutherlandae on yellow perch. All experiments were performed in 
the Minnesota Aquatic Invasive Species Research Center’s Containment Laboratory. I 
chose fathead minnows for portions of this study due to their tolerance for high rearing 
densities and their high susceptibility to H. sutherlandae (Phelps, unpublished data). Both 
yellow perch and minnows are extensively used in aquaculture. Four hundred yellow perch 
and 1,000 fathead minnows from a known-negative aquaculture facility were kept in 
separate circular, continuous-flow holding tanks (1.8m diameter, 1.0m height) at 12 °C.  
Twenty yellow perch were randomly selected as experimental fish and acclimated to room 
temperature (approximately 16 °C) over two-hours. These yellow perch were housed 
individually in static, 30-gallon tanks. Each tank was assigned its own set of equipment 
(e.g., dip nets, gloves) to prevent cross-contamination, and all equipment was sterilized 
with 2200 ppm bleach solution and then rinsed thoroughly prior to and between uses. This 
concentration of bleach has been shown to kill spores after five minutes of exposure (Miller 
2009). A 25% water change was performed every four days, and fish were fed with 
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commercial aquaculture pellets (Ziegler Aquaculture) to satiation every other day. Fish 
were acclimated to their tanks for 48 hours before the first H. sutherlandae exposure. 
Laboratory fish were exposed to H. sutherlandae spores and monitored for 
infection. Microscopically-confirmed positive tissue collected from the field was kept 
refrigerated at approximately 6 °C, and fed to the fish ten days after collection. Tissue was 
cut into 1-2 mm pieces, and 3 ±0.25 grams wet weight was fed to each yellow perch. Fish 
were exposed once in week 1 and again in 14. Starting five weeks after the first exposure, 
I drew blood from each fish each week. Fish were anesthetized via equal parts tricaine 
methanesulfonate and sodium bicarbonate diluted to 100 mg/L prior to the blood draw. 
Between 0.05-1 mL of blood was drawn from the caudal vein. Blood was stored in heparin 
lined tubes and DNA was extracted from blood samples within one hour of collection. 
DNA extraction was performed using the Qiagen DNeasy Blood & Tissue Kits (Qiagen, 
Valencia, California), following blood extraction protocols. The DNA was frozen at -20 
°C. Subsequent qPCR assays were performed using H. sutherlandae-specific Taqman 
probe and primers to detect H. sutherlandae DNA. A transparent, plastic screen was used 
to divide the tank at 18 weeks post–exposure so that sixteen fathead minnows could be co-
housed with (but not subject to predation by) a positive yellow perch. Yellow perch and 
minnows were euthanized after 16 weeks using an overdose of tricaine methanesulfonate 
(3g/Liter) and necropsied using the same protocol as fish that were collected from the field. 
Microscopic analysis was performed as described previously.  
To further explore H. sutherlandae transmission and host mortality and growth 
effects, thirty minnows were added to 16 static, 30-gallon tanks: four tanks became tissue 
exposure tanks, eight tanks became near direct contact (NDC) exposure, and four tanks 
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were kept as controls. Fish in the tissue exposure tanks acclimated unexposed for seven 
days before being fed 5±0.25 grams wet weight known positive (i.e. spores detected 
microscopically) tissue from Leech Lake collected in the winter of 2017. After six weeks, 
48 fish from three tissue-exposed tanks were fin clipped and randomly distributed among 
eight, direct-contact exposure tanks (six tissue-exposed fish per tank). The naïve fish in 
these tanks became NDC exposed fish. Twenty-four fish from the control tanks (six fish 
from each tank) were fin clipped and re-distributed among the control tanks to replicate the 
introduction of the fin clipped tissue exposed fish. I euthanized all fish from all tanks after 
eight weeks of NDC exposure. Animal care and maintenance was identical to that of the 
yellow perch. Mortality was noted and dead fish removed throughout the experiment, and 
all euthanized fish were measured for length and weight to the nearest millimeter and 0.1 
g, respectively. All minnows that died during the experiment or were euthanized at the end 
of the experiment were tested for infection presence and severity using the microscopic 
procedures outlined previously. 
I regressed the presence of infection against condition factor and exposure method 
using binomial bivariate regression in R. I used an ANOVA to compare severity of 
infection against and exposure method, and a linear model for days exposed and condition 
factor. Daily mortality rate was calculated using the Mayfield method (Mayfield 1961): if 
a minnow died on day eighteen of the experiment, then that minnow failed at 18 days of 
exposure; if a minnow survived until euthanasia, then that minnow “succeeded”, and was 
exposed for the entire experiment. Daily mortality rate equaled the number of minnows 
that failed per tank divided by the total number of exposure days (i.e. the sum of the number 
of days each minnow was “exposed”). An ANOVA was performed to compare the daily 
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mortality rate between treatments (tissue exposed, NDC and control). An ANOVA was 
also performed to compare cumulative mortality per tank between treatments.  
Results 
Prevalence and severity in wild populations 
I collected 1,892 fishes (947 yellow perch) across all sampling seasons and lakes. 
A total of 144 (7.6%) of these fish (84 yellow perch) were infected with H. sutherlandae. 
The presence of H. sutherlandae was rare in all seasons and all lakes (1-10% infection 
rate), apart from Cass Lake (15%; Table 2.2). Two resorts, one on Cass Lake and one on 
Leech Lake, returned log books. They reported 2% of fish discarded due to the presence of 
visual muscle lesions in the fall of 2015. Only lake and season explained significant 
variation in the presence of infection among all fishes and separately for yellow perch 
(Table 2.2). Severity was only described by the Lake parameter among all fishes and 
separately for yellow perch (F2, 1887 =11.043 P <0.01, and F2, 942 = 7.786, P<0.01). 
However, the proportion of variation explained by each of these regressions was low 
(<3%). The presence of infection was highest in Cass Lake (15%), and Cass Lake also had 
the highest severity in the fall season (mean 17 spores for Cass, 1 spore for Winnibigoshish 
and 0 spores for Leech Lake, Figure 2.2).  
H. sutherlandae transmission, mortality and growth effects 
Few (2%-31%) fish contracted H. sutherlandae in lab experiments. Thirty one 
percent of yellow perch (or six fish) contracted the disease after ingesting infected tissue 
according to microscopic assessment; however, only five percent, or one yellow perch, 
tested positive with the blood draws after the second exposure. A different yellow perch 
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(one that did not test positive with blood draws) displayed the characteristic lesion upon 
visual inspection of the fillet. No yellow perch experienced mortality from disease 
throughout the 34-week experiment. Thirteen percent of fathead minnows co-housed with 
the yellow perch contracted H. sutherlandae.  
Twenty three percent of the minnows that were fed infected tissue contracted the 
disease, while only two percent of minnows exposed via NDC contracted the disease. There 
was no difference between infected and uninfected minnows in terms of condition. 
However, there was a positive relationship between the number of days that a fathead 
minnow was exposed to the parasite and both infection presence (slope = 0.037, 95% CI = 
0.02, 0.05, p = 1.87 x 10-8, R2 = 0.15) and severity (slope = 6.07, 95% CI = 4.26-7.87, p 
=1.42 x 10-10, R2 = 0.106). Infection severity depended on exposure method, with fathead 
minnows fed infected tissue having, on average, over 10x the number of spores than those 
exposed by NDC (F 1, 357 = 8.9984, p=0.002, R
2 = 0.02).  
Both mortality measures indicated that exposure to H. sutherlandae spores did not 
increase mortality in fathead minnows. The Mayfield method estimated a 0.015 daily 
average mortality probability, and did not find a significant difference in mortality between 
treatments (F2,13=2.923, p = 0.09, R
2 = 0.31; Figure 2.3). The cumulative mortality estimate 
indicated that the NDC tanks had significantly lower mortality than control tanks (F2,13 = 
4.292, p = 0.04, R2 = 0.4; Figure 2.3).  
Discussion 
Laboratory experiments and field sampling suggest that heterosporosis has low 
transmission rates (Fed: 23-31%, NDC: 2-13%), no detectable effect on mortality or 
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growth, and low prevalence in wild fishes (1-15%). The 15% value originates from Cass 
Lake, and is likely inflated due to initial difficulties in identifying H. sutherlandae spores 
under the microscope. Near Direct Contact had a lower transmission compared to fed; 
however, it is likely inefficient for a disease to spread between hosts primarily by a 
susceptible host eating an infected individual, because the infected individual is unable to 
spread the disease further (Collinge et al. 2006). A parasite with consumption as a primary 
transmission route will either maintain itself at a static level (one infected individual will 
infect one other in the host’s lifetime), or, more likely, the disease will become extinct as 
infected individuals will not always succeed in transmitting the infection if consumed, or 
could die prior to being consumed by a susceptible host (Tomamichel Chapter 3). This low 
NDC transmission compared to fed may indicate that another transmission route, such as 
vertical transmission or environmental spore reservoirs, are important to disease spread. 
The lack of evidence for mortality and growth effects could indicate a disease that is 
chronic and slow-growing. This hypothesis is also supported by the positive relationship 
between infection severity and time exposed. Field collections indicated strong evidence 
for a weak relationship (R2 < 0.03) between disease presence and severity, and lake and 
seasonality. The fact that infection prevalence logbooks from the resorts indicated a ratio 
of visual detection (2%) that was comparable to Leech and Winnibigoshish (9% and 0.5%, 
respectively) suggests that the proportion of infected fish collected was not influenced by 
gear type (angling vs. gill netting).  
My field results corroborate some of the results of a 2004 field study on Leech Lake 
(Tomamichel et al. unpublished data) in that host age or maturity did not predict H. 
sutherlandae transmission. This result indicates that the disease is not spread solely by a 
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gape-limiting food source or spawning-induced stress. However, this study did not find 
evidence that host condition or sex associated with infection severity or presence. The 
primary difference between my study and the research conducted in 2004 is the reduction 
in prevalence (from a mean of 28% to 6%). This decline in presence, coupled with the low 
transmission and fitness effects found in the laboratory, indicate that H. sutherlandae has 
become a relatively rare disease in Leech Lake.  
The difference in presence of infection between the two studies could be explained 
by differences in host physiology. It may be that the perch in Leech Lake have developed 
an immunity to this microsporidian (Rodriguez-Tovar et al. 2011), or that their immune 
response was dampened in the early 2000s due to a stressor such as weather (Hedrick 
1998), pollution (Doublet et al. 2014) or a simultaneous disease outbreak (Bromenshenk et 
al. 2010). Any of these factors could have caused greater impact and spread of 
heterosporosis (Stentford et al. 2016).  
My laboratory experiments may have generated biased estimates of Htsp 
transmission rate and fitness impacts. Laboratory fish were given a high level of care, stable 
temperature conditions, and abundant food. The disease may be more readily transmitted 
or severe under stressed conditions (Pickering and Pottinger 1989, Grabner et al. 2014, 
McVicar 1975).  Although high rearing densities should over-estimate the rate of NDC 
transmission, I found the NDC transmission rate to be very low (2-13%). It may be that 
more fish were infected through NDC transmission, but by so few spores that I was unable 
to detect the infection. When fed infected tissue, however, the fish were inoculated with a 
sufficient dose and infections became apparent. The relatively short time frame of this 
study (8 weeks) also under-estimated the effect of this potentially chronic disease; the 
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infection severity would likely be higher if the experiments ran for months rather than 
weeks. 
My research indicates that H. sutherlandae is difficult to transmit, and likely causes 
chronic infections with low mortality in the first eight weeks of infection. Higher 
transmission rates or severity may occur due to stress or transmission routes other than 
consumption or NDC (e.g., vertical transmission from mothers to eggs). Future work 
should address the possibility of alternate transmission routes and develop a population 
model to estimate the potential impacts of H. sutherlandae infection. Understanding the 
most important transmission routes of heterosporosis is essential to developing this model. 
Microsporidia species in anthropods often transmit vertically (Terry et al. 2004), and 
vertical transmission has been documented in fish (Phelps and Goodwin 2008). Vertically 
transmitted microsporidia are associated with low virulence and with a high degree of 
under-detection (Dunn and Smith 2001). It may be that fish primarily acquire H. 
sutherlandae infection at hatch, and that only a small fraction develops severe infections. 
Transmission may also be through the disturbance of environmental spore reservoirs. 
Similar to anthrax (Gates et al. 1995), there may be living, infectious spore pockets (Mota 
et al. 2000) in the lake substrate that, when disturbed, trigger a spike in infection.  
Different hormonal or energy allocation changes throughout a fish’s life history 
may also influence the spread of H. sutherlandae. I did not find evidence of maturity effects 
in the field, but it is possible that the disease is transmitted at a higher rate during spawning 
due to elevated rates of contact (Marcogliese and Pietrock 2011) and stress (Hedrick 1998). 
The development of a predictive, population-level impact model could help to elucidate 
the importance of disease variables and prioritize future laboratory and field work. Changes 
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to these transmission and severity factors could alter our conclusions regarding the risk that 
H. sutherlandae poses to yellow perch, and help to explain temporal variability in 
heterosporosis presence and alter predictions of future impacts.  
While effects of H. sutherlandae on fish populations may be minor in the long term, 
increased presence or severity of H. sutherlandae could impact freshwater fisheries due to 
fish health consequences and yield loss because of angler discards and/or avoidance. I 
recommend an education program informing the public on the proper identification and 
disposal of infected fish (by freezing prior to disposal). This would limit the potential 
transfer of live spores (Sharma et al. 2003). Additionally, those rearing fish in aquaculture 
or laboratory settings may wish to submit tissue samples for detection of H. sutherlandae 
prior to introducing new fish. The high rearing densities of fish under stressed conditions 
found in aquaculture are likely to promote disease transfer and severity (Barton and Iwama, 
1991).  
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Table 2.1. Summary of field sampling efforts on three Minnesota lakes 
Sampling lakes are Cass (47.3794° N, 94.6043° W), Winnibigoshish (47.4110° N, 94.2155° W) and Leech (47.1487° N, 94.4207° W). 
Gill nets refer to 250 m experimental gill nets with mesh size ranging from 0.5 – 2.5 inches and were set for 24 hours. Trap nets are 20 
ft, 3/8” mesh and were set for 24 hours. Necropsies were performed at either the University of Minnesota – Veterinary Diagnostic 
Laboratory (UMN-VDL) or on site.
Season/Lake Collection 
Method 
Necropsy 
Location 
Number Total 
Fish Collected 
Number 
Yellow Perch 
Collected 
Total 
Sample 
Infected 
Yellow 
Perch 
Infected 
Total 
Sample with 
Lesions 
Yellow 
Perch with 
Lesions 
Fall 2015 – Cass Gill nets 
(n = 4)  
UMN – VDL 
(frozen) 
323 154 49  
(15%) 
9 
 (23%) 
39 
(12%) 
29  
(19%) 
Fall 2015 – 
Winnibigoshish 
Gill nets 
(n = 6) 
UMN – VDL 
(frozen) 
352 206 14  
(4%) 
9 
(4%) 
 
1 
(0.3%) 
1 
(0.5%) 
Fall 2015 – Leech Gill nets 
(n = 4) 
UMN – VDL 
(frozen) 
463 183 28 
(6%) 
16 
(9%) 
27 
(6%) 
16 
(9%) 
Winter 2016 – Leech  Gill nets (n = 5) 
/ Hook and line 
On site 232 203 3 
(1%) 
2 
(1%) 
1 
(0.4%) 
1 
(0.5%) 
Spring 2016 – Leech Trap nets 
(n = 20) 
UMN - VDL 318 31 6 
(2%) 
2 
(6%) 
1 
(0.3%) 
1 
(3.2%) 
Summer 2016 – Leech Hook and Line On site 204 170 20 
(10%) 
19 
(11%) 
1 
(0.5%) 
1 
(0.6%) 
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Table 2.2. Variables associated with heterosporosis infection presence or severity 
All species refer to pooled species from sampling effort. Explanatory variable “Lake” refers to samples collected in Leech, Cass, or 
Winnibigoshish lakes. Presence of infection is if at least one spore was detected in the sample, severity refers to the number of spores 
in sample 
Species Response 
Variable 
Explanatory 
Variable 
Test p-value  Coefficients (95% Confidence 
Interval) 
R2/ F-statistic 
All Presence 
of 
infection  
Lake Bivariate, 
binomial linear 
regression 
Leech = 4.11e-05 
Winnibigoshish = 
3.12e-10 
Leech = -1.02 (-1.52, -0.54) 
Winnibigoshish = -1.46 (-2.11, 
-0.87) 
R2 = 0.029 
Yellow 
perch 
Presence 
of 
infection 
Lake Bivariate, 
binomial linear 
regression 
 
Leech = 0.0003 
Winnibigoshish = 
1.15 e-6 
Leech = -1.15 (-1.81, -0.54) 
Winnibigoshish = -1.90 (-2.72, 
-1.17) 
R2 = 0.062 
All Presence 
of 
infection 
Season Bivariate, 
binomial linear 
regression 
Spring = 0.008 
Summer = 0.087 
Winter = 0.009 
 
Spring = -1.21(-2.20, -0.38) 
Summer = 0.52 (-0.09, 1.12) 
Winter = -1.59 (-3.03, -0.54) 
R2 = 0.02 
Yellow 
perch 
Presence 
of 
infection 
Season Bivariate, 
binomial linear 
regression 
Spring = 0.67 
Summer = 0.44 
Winter = 0.003 
 
Spring = -0.32 (-2.21, 1.00) 
Summer = -0.273 (-0.43, 0.98) 
Winter = -2.26 (-4.11, -0.99) 
R2 = 0.029 
All Infection 
severity 
Lake ANOVA 1.775e-08 NA R2 = 0.031 
F2,1135 = 18.13 
Yellow 
perch 
Infection 
severity 
Lake ANOVA 1.022e-06 NA R2 = 0.05 
F2,540 = 
14.153 
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Figure 2.1. Location of Leech Lake, Minnesota. Leech Lake was sampled four times, once each season. Sampling took place in 
Walker and Steamboat Bay (circled), where Steamboat Bay is the northernmost bay.
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Figure 2.2 Infection severity in the Fall of 2015. Histograms depict severity (number of 
spores in sample) of infection by lake, where panel (a) is Winnibigoshish, (b) is Leech 
and (c) is Cass lake. The frequency is the number of samples from each lake that 
contained the given range of spores. Note different scales of y-axis. 
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Figure 2.3. (a) Mayfield daily and (b) cumulative and mortality estimate between 
treatment groups. Mayfield daily mortality estimates refer to probability of a minnow 
dying per day per tank. Cumulative mortality refers to the total proportion of minnows 
that died per tank 
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Chapter 3 
Predicting the impact of heterosporosis on a yellow perch fishery – an 
integrated modeling approach 
Summary 
Predicting the population-level impacts on disease is an increasingly important issue in 
fisheries. However, little research has integrated bioenergetics, population and disease 
modeling to evaluate disease impacts on a fishery. In this study, I combine these three 
modeling approaches to predict the impacts of an invasive disease of concern 
(heterosporosis) on yellow perch (Perca flavescens) yield in a recreational fishery. 
Specifically, I addressed (i) if heterosporosis could lead to losses in yield of the fishery (ii) 
if not, what levels of transmission would be necessary for yield loss, and (iii) what biotic, 
abiotic, and/or epidemiological factors are most important to yellow perch yield. I 
developed a stochastic, cohort-based population model that uses energy balance equations 
to describe fish growth and a compartmental disease model to describe disease dynamics. 
The model predicts that heterosporosis is unlikely to impact yellow perch yield, and may 
not persist in the population. Modeled scenarios show that heterosporosis will only cause 
significant losses in yield when the transmission by close contact and temperature variation 
are set to what are likely unrealistic values. Elasticity analysis indicated that parameters 
related to bioenergetics and fish life history have the greatest influence on yellow perch 
yield. Future research could improve model predictions by ensuring the accuracy of 
bioenergetic and life history parameters, and developing an individual-based model to 
explore host behavior effects on disease impact. This model suggests that heterosporosis is 
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unlikely to cause significant losses of yield for yellow perch fisheries, and provides a useful 
framework for evaluating the population-level impacts of other fish diseases.  
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Introduction 
 Disease has the potential to have severe impacts on both human and animal 
populations. Famously, the pandemic “Black Death” caused by Yersinia pestis in the 14th 
century is estimated to have killed 30% of the human population in Europe (Raoult et al. 
2013) and influenced social and political structures and human health for generations 
(Wrigley 1966, Cohn 2007, DeWitte 2014). Today, diseases like malaria, HIV and 
schistosomiasis continue to impact human populations through disease-induced mortality 
and loss of productivity and welfare (Sachs and Malaney 2002, Jahn et al. 2008, King and 
Dangerfield-Cha 2008). Recent examples in animal populations include diseases like 
chytridiomycosis in amphibians of Central America and Australia, white nose syndrome 
in North American bat species, and West Nile virus in North American bird populations 
that have caused “extinction waves” or local population collapse in their affected 
populations (Gibbon et al. 2000, Frick et al. 2010, LaDeau et al. 2007). Diseases have 
also impacted aquatic populations, including large scale die offs of wild fish from Viral 
Hemorrhagic Septicemia (Murray and Peeler 2005) and the near-collapse of aquaculture 
industries in Chile (Asche et al. 2009).  
 Although disease models are widely used in public health (Brauer 2008), 
agriculture (Gilligan 2002 and 2008, Gilligan and van den Bosch 2008, van Maanen and 
Xu 2003), and wildlife (Gulland 1995, Barlow 1995) to inform policies that control or 
mitigate disease impacts, few models exist describing the dynamics of disease in fisheries 
(Reno 1998). The relative scarcity of fisheries disease models may stem from the 
difficulty in translating terrestrial disease models to aquatic systems due to relatively high 
habitat connectivity in aquatic systems, the local accumulation of pathogens, and the 
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importance of trophic pathogen transmission (McCallum 2004, Murray 2009, Wood et al. 
2010).  
The majority of fisheries disease models describe the effect of parasites in salmon 
aquaculture. These models include statistical models that describe the factors that 
influence parasite dynamics in salmon farms (Scheel et al. 2007, Aldrin et al. 2010), 
climate and particle movement models that predict the spread of sea lice (Murray and 
Gillibrand 2005, Foreman et al. 2009) or model transmission among farms (Viljugrein et 
al. 2009) or cages (Mardones et al. 2013). Other models incorporate population 
interactions between salmon and sea lice (Tucker et al. 2002, Revie et al. 2005, Krkosek 
et al. 2009, Gettinby et al. 2011). Research outside of salmon aquaculture consists of 
theoretical frameworks for describing disease dynamics or mitigation strategies (Dobson 
and May 1987, Crauste et al. 2008, Green 2010, Meyer 1991, Murray and Peeler 2005), 
or mathematical models for describing parasites in herring (Clupea harengus; Patterson 
1996), flounder (Platichthys-flesus: Lorenzen et al. 1991), crustacean fisheries (Kuris and 
Lafferty 1992) and abalone (Ben-Horin 2016).  
There is growing interest in an integrated approach to disease modeling that 
combines dynamic environmental parameters with population and disease modeling (Pats 
et al. 2004, Wilcox and Colwell 2005, Parkes et al. 2005, Shi et al. 2009, Zinsstag et al. 
2011). Other studies have highlighted the importance of landscape changes to the 
transmission and emergence of new pathogens (Wilcox and Gubler, 2005, Hoberg et al. 
2008, Lambin et al. 2010, Iacono and Nichols 2016). Diseases are not static; transmission 
and mortality are likely to change with environmental parameters (Lipp et al. 2002, 
Khasnis and Nettleman 2005), host immune status or health (Packer et al. 2003, Bonga 
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1997, Marcogliese and Pietrock 2011), and population dynamics (Lyles and Dobson 
1993, Roberts and Kao 1998, Altizer et al. 2006).  This consideration of environmental 
and host-population influences is particularly important to describe the disease dynamics 
of ectotherms, because the life history and severity of disease in these organisms is 
dependent on the environment (Hedrick 1998, Lafferty and Kuris 1999, Lafferty and Holt 
2003, Briggs et al. 2005, Pernet et al. 2016).  
Heterosporosis is caused by the microsporidian parasite Heterosporis 
sutherlandae, which was identified as a disease of concern by the Great Lakes Fishery 
Commission (Phelps et al. 2015). Heterosporis sutherlandae was discovered in the year 
2000 (Sutherland et al. 2000) and has been detected in 44 water bodies in the Great Lakes 
region. Many fish species are susceptible to the parasite, including yellow perch (Perca 
flavescens), northern pike (Esox lucius), koi (Cyprinus carpio), and baitfish (Miller 
2009).  Other microsporidian species can cause increased mortality in laboratory and wild 
fish (Nepszy and Dechtiar 1972, Antonio and Hedrick 1995). Transmission of H. 
sutherlandae is known to occur by two routes: either ingestion of spores shed by infected 
individuals in the water column or through the consumption of infected prey (Lom and 
Nilsen 2003, Dyková 1995, Diamant et al. 2010, Al -Quraishy et al. 2012, Phelps et al. 
2015). Severe infections cause characteristic lesions in the muscle tissue, rendering the 
fillet inedible to humans and potentially causing fitness consequences to the fish host 
(Phelps et al. 2015). Investigation into the impacts of heterosporosis on fisheries was 
recommended due to the potential for losses in yield due to both direct mortality of 
infected hosts and angler discard (Tomamichel Chapter 2, Minnesota Aquatic Invasive 
Species Research Needs Assessment, 2014).   
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 In this study, I developed an integrated model that combines elements of 
population, bioenergetics and disease modeling to describe the dynamics and predict the 
impacts of heterosporosis in a yellow perch (Perca flavescens) population. I used this 
model to test if (i) heterosporosis could lead to losses in yellow perch yield, (ii) if not, 
what disease transmission rate is necessary to cause loss in yield, and (iii) what biotic, 
abiotic and/or epidemiological factors are most important to yellow perch yield.  I first 
parameterized the model to reflect current yellow perch population and disease 
conditions in a Minnesota lake, and then used scenario development and elasticity 
analysis to explore parameter influences and disease dynamics in the system. This model 
provides a framework for incorporating environment, bioenergetics, disease dynamics 
and population models in fisheries to predict the population-level impacts of a disease. 
Utilizing this model will help to establish and modify disease prevention and mitigation 
efforts, and identify future research needs, both for heterosporosis and for a broad range 
of fish diseases.  
Methods 
Study System 
 I modeled the impact on yield of heterosporosis on the yellow perch population in 
Leech Lake (47.1487° N, 94.4207° W), MN. Yield is defined as the mass of healthy fish 
harvested by anglers per year, calculated as the product of fish mass and number 
harvested summed over all age classes. Mass from a harvested infected individual is not 
counted toward yield, because anglers would likely discard the fillet (Phelps 2015, Miller 
2009, Tomamichel et al. unpublished data). Leech Lake is a large (451 km2), 
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economically important lake in northern Minnesota. Infection by H. sutherlandae was 
confirmed in 2000 (Phelps et al. 2015) and prevalence estimated in 2004 (Tomamichel et 
al. unpublished data) and 2015-2016 (Chapter 2). I focused on yellow perch because they 
are (i) abundant in Leech Lake (Pedersen and Schultz 2017), (ii) well studied (Couture 
and Pyle, 2015), (iii) susceptible to H. sutherlandae (Miller 2009, Phelps 2015), (iv) 
important both recreationally (Pedersen and Schultz 2017) and in aquaculture (Malison 
2003), and (v) an important forage species for larger game fish.  
Modeling Approach 
 I developed a stochastic, female-only, age-structured model that uses population, 
disease, and bioenergetic sub-models to describe the dynamics of H. sutherlandae in the 
yellow perch of Leech Lake (Figure 3.1). The fish in this model grow and experience 
disease dynamics throughout the year at a daily and weekly time step, respectively. At the 
end of the year they reproduce, experience mortality, and then enter the next age class 
(maximum age = 10 years).  The model first calculates the temperature regime for the 
year through a sine-wave temperature function (Matuszek and Shuter 1993).  
Stochasticity is introduced in the temperature function through daily and yearly 
temperature variation (i.e. different years have different temperature regimes). The 
bioenergetic equations calculate the change in size and weight of each age cohort based 
on the temperature regime. The disease sub-model then describes the change in disease 
presence in the population during that same year. Finally, the population sub-model 
changes the number of individuals in the population based on input from the other two 
sub-models. (Figure 3.1). The bioenergetic model runs on a daily time step because daily 
fluctuations in temperature have important consequences to fish growth. The disease 
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model is on a weekly time step because heterosporosis has a six-week exposure period 
(Tomamichel Chapter 2) and this rate delivers an appropriate level of precision to 
describe disease dynamics (Keeling and Rohani 2008). The population sub-model is on 
an annual time step because yellow perch spawn once in spring, and this again provides 
an appropriate level of precision to describe population dynamics.  
I included stochastic elements in H. sutherlandae near direct contact (NDC) 
transmission by increasing transmission when fish weight is below expected (see Disease 
section). Transmission pathways are density-dependent because yellow perch are 
schooling fish, but do not strictly associate with a specific social group (Hergenrader and 
Hasler 1968, Helfman 1984) and contact rate is likely to increase with population size. I 
approximate transmission by consumption of shed spores as NDC, where fish encounter 
an infected individual to the degree necessary to contract the disease, but do not 
necessarily physically touch an infected individual. I considered the yellow perch 
population to be closed to immigration or emigration, and chronically infected. Although 
it is likely that H. sutherlandae is transmitted between species (Chapter 2), this effect is 
not considered in the model because rates of transfer between species are unknown, and 
infection rates in other species are generally low (Chapter 2). I also do not consider 
infection by sources such as transfer by water runoff, spores in the sediment, vertical 
transmission, or by the stocking of infected fish.  
Bioenergetics Model 
 Fish growth was governed by bioenergetic equations that were taken from the 
Fish Bioenergetics 3.0 manual (Hanson et al. 1997), and parameter values that were taken 
from Kitchell et al. (1997). I added a density-dependent consumption curve for fish 
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outside of the first age class following the Holland Type 2 consumption model (Holland 
and DeAngelis 2010; parameter values in Table 3.1): 
𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑀𝑎𝑥 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 =
1200+𝐷𝐷𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡1 x 𝑃𝑒𝑟𝑐ℎ 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑝𝑒𝑟 ℎ𝑎
𝐷𝐷𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡2  x 𝑃𝑒𝑟𝑐ℎ 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑝𝑒𝑟 ℎ𝑎
. 
This equation reduces the proportion of maximum consumption available to yellow perch 
at high densities; however, at low densities, yellow perch do not consume more than 0.4 
times maximum consumption. The bioenergetics model uses daily water temperatures 
calculated by the temperature function, which describes annual water temperatures as a 
sine wave that includes daily variation, where the magnitude of variation is described by 
the standard deviation (Matuszek and Shuter 1993) (SD = 1, Base Temp. = 4 °C, Average 
Temp. = 4.5 °C, Average Depth = 6 meters; Hondzo and Stefan 1993, US Climate Data 
2017, Minnesota Department of Natural Resources 2017).   
 
Population Model 
 The population model incorporated five types of mortality (natural, fishing 
mortality, starvation, predation and disease) and fecundity. Fish beyond their first year 
survive according to the mortality equation constructed by Lorenzen (1996; equation 2) 
and calibrated constants, given by: 
𝜇𝑁𝑦𝑒𝑎𝑟𝑖 =  −2.36 ∗ 𝑊𝑒𝑖𝑔ℎ𝑡(𝑔)
−0.04, 
where μN is the annual instantaneous natural mortality rate. The instantaneous mortality 
rate of the first age class (μNadj.year1) is density-dependent, and given by: 
𝜇𝑁𝑎𝑑𝑗.𝑦𝑒𝑎𝑟1 = 𝜇𝑁𝑦𝑒𝑎𝑟 1 + 10
−14 × 𝑛𝑦𝑒𝑎𝑟 1 , 
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where n is the number of individuals in the age class.   
 Harvest was calculated as 
𝐻𝑎𝑟𝑣𝑒𝑠𝑡 = 𝛴(𝑛𝑖 ∗ 𝐹𝑖 ∗  
1−𝑒−𝑍𝑖
𝑍𝑖
 ), 
where n is the total number of individuals in the population, and Z is total mortality and 
given by 
𝑍𝑖 = 𝜇𝑁𝑦𝑒𝑎𝑟𝑖 + 𝐹𝑖. 
Fishing mortality (Fi) was calculated by multiplying the fitted skewed normal distribution 
produced by the fGarch package (mean = 275 mm, SD = 50 mm, xi = 1.7; Wuertz and 
Chalabi 2016) by 12. Fishing mortality was set to zero for fish in the first age class.  
 Starvation mortality was included in the model by comparing the actual weight of 
the cohort to its expected weight by length. If the cohort’s weight was less than 50% of 
the expected weight, then 94% of the cohort died. Mortality from disease was applied 
only to the proportion of the population that was infected (see Disease section).  
 Fecundity is calculated for fish longer than 150 mm and weighed more than 50 g, 
the size at which half of the fish collected from Leech Lake between 2015-2017 had 
mature gonads (Tomamichel, unpublished data). Fecundity is given by:  
𝑁𝑜. 𝐸𝑔𝑔𝑠𝑖 = 𝐿𝑒𝑛𝑔𝑡ℎ (𝑚𝑚)𝑖
3.3 × 10−3.5 . 
The population first experiences mortality, then fecundity is calculated for the 
remaining individuals, and the eggs produced are added to the YOY population for the 
following year. All remaining fish are aged at the end of the year.   
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Disease Model 
 My disease model comprises a system of discrete time equations that describe the 
changing proportions of a compartmental disease model weekly throughout the year. 
Initial proportions in disease compartments were set to equal those found in Leech Lake 
(Table 3.2). There are five disease compartments: susceptible (S), exposed (E), infected 
(I), mortality by consumption while infected (M) and mortality by disease (Dead); see 
equations below. The initial proportion of infected individuals is the proportion that 
displayed lesions (and are likely to induce infection if contacted/consumed) averaged 
over all sampling seasons in 2015. The initial exposed individuals are the proportion that 
were diagnosed with H. sutherlandae infection under the microscope, but displayed no 
lesions and were therefore not yet able to spread disease (Table 3.2; Tomamichel Chapter 
2).  The disease model follows three stages of individuals based on age: YOY, adults (A) 
(age 2-9), and large adults (LA) (age 10). Each of these stages can occupy any disease 
compartment, except for LA, which does not occupy the mortality by consumption 
compartment (Figure 3.2). Prior to entering the disease model, the population is 
organized into age stages and disease compartments based on the total number of 
individuals in the population and the previous year’s (or initial in the case of the first 
year) disease compartment proportions so that all age stages and disease compartments 
sum to one.  
An adult fish can become exposed to H. sutherlandae by either coming into near 
direct contact with an infected individual, or by eating an already infected fish. Infected 
adults can only be eaten by LA susceptible fish. Young of year fish can only acquire the 
infection by NDC, but can be eaten by either susceptible adults or LAs. Susceptible LA 
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fish can eat infected YOY or adults, but cannot be eaten by any age class. Infected 
individuals cannot eat others of any stage because infected individuals are likely too 
weak to predate other individuals (Phelps 2015, Tomamichel Chapter 2). No stage or 
disease compartment of fish can eat susceptible fish of any stage because this type of 
mortality is already including in natural mortality (see Population section; Figure 3.2).  
I hypothesized that fish may be more susceptible to H. sutherlandae if they 
experience stress. I used the proportion of actual weight to expected weight given length 
as a proxy for stress. If fish were proportionally smaller than expected, the transmission 
by near direct contact increases by a factor of (1 – proportion of healthy weight).  I also 
added a “disease tax”, where the weight of infected fish was multiplied by a proportion to 
reduce their size relative to healthy fish, to simulate weight loss caused by the disease 
(Table 3.2). The disease model is described by the following discrete time equations:  
YOY 
𝑆𝑌𝑂𝑌−𝑡+1 = −𝑆𝑌𝑂𝑌−𝑡 × (𝛽𝑁𝐷𝐶 × 𝐼𝑌𝑂𝑌−𝑡 + 𝛽𝑁𝐷𝐶 × 𝐼𝐴−𝑡 + 𝛽𝑁𝐷𝐶 × 𝐼𝐿𝐴−𝑡) 
𝐸𝑌𝑂𝑌−𝑡+1 = 𝑆𝑌𝑂𝑌−𝑡 × (𝛽𝑁𝐷𝐶 × 𝐼𝑌𝑂𝑌−𝑡 + 𝛽𝑁𝐷𝐶 × 𝐼𝐴−𝑡 + 𝛽𝑁𝐷𝐶 × 𝐼𝐿𝐴−𝑡) − 𝐸𝑌𝑂𝑌−𝑡 × 𝜎 
𝐼𝑌𝑂𝑌−𝑡+1 =  𝐸𝑌𝑂𝑌−𝑡 × (𝜎 × 𝜔) − 𝐼𝑌𝑂𝑌−𝑡 × (𝜇𝐷𝑖𝑠 + 𝜇𝑃𝑟𝑒𝑑) 
𝑀𝑌𝑂𝑌−𝑡+1 =  𝐼𝑌𝑂𝑌−𝑡 × 𝜇𝑃𝑟𝑒𝑑 − 𝑀𝑌𝑂𝑌−𝑡 
𝐷𝑒𝑎𝑑𝑌𝑂𝑌−𝑡+1 =  𝜇𝐷𝑖𝑠 × 𝐼𝑌𝑂𝑌−𝑡 + 𝜇𝑃𝑟𝑒𝑑 × 𝐼𝑌𝑂𝑌−𝑡  
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Adults 
𝑆𝐴−𝑡+1 = −𝑆𝐴−𝑡 × (𝛽𝑁𝐷𝐶 × 𝐼𝑌𝑂𝑌−𝑡 + 𝛽𝑁𝐷𝐶 × 𝐼𝐴−𝑡 + 𝛽𝑁𝐷𝐶 × 𝐼𝐿𝐴−𝑡)
− 𝑆𝐴−𝑡 × (𝛽𝑀 × 𝑀𝑌𝑂𝑌−𝑡) 
𝐸𝐴−𝑡+1 = 𝑆𝐴−𝑡 × (𝛽𝑁𝐷𝐶 × 𝐼𝑌𝑂𝑌−𝑡 + 𝛽𝑁𝐷𝐶 × 𝐼𝐴−𝑡 + 𝛽𝑁𝐷𝐶 × 𝐼𝐿𝐴−𝑡) +  𝑆𝐴−𝑡 × (𝛽𝑀 × 𝑀𝑌𝑂𝑌−𝑡)
− 𝐸𝐴−𝑡 × 𝜎 
𝐼𝐴−𝑡+1 =  𝐸𝐴−𝑡 × (𝜎 × 𝜔) − 𝐼𝐴−𝑡 × (𝜇𝐷𝑖𝑠 + 𝜇𝑃𝑟𝑒𝑑) 
𝑀𝐴−𝑡+1 =  𝐼𝐴−𝑡 × 𝜇𝑃𝑟𝑒𝑑 − 𝑀𝐴−𝑡 
𝐷𝑒𝑎𝑑𝐴−𝑡+1 =  𝜇𝐷𝑖𝑠 × 𝐼𝐴−𝑡 + 𝜇𝑃𝑟𝑒𝑑 × 𝐼𝐴−𝑡 
Large adults 
𝑆𝐿𝐴−𝑡+1 = −𝑆𝐿𝐴−𝑡 × (𝛽𝑁𝐷𝐶 × 𝐼𝑌𝑂𝑌−𝑡 + 𝛽𝑁𝐷𝐶 × 𝐼𝐴−𝑡 + 𝛽𝑁𝐷𝐶 × 𝐼𝐿𝐴−𝑡)
− 𝑆𝐿𝐴−𝑡 × (𝛽𝑀−𝑡 × 𝑀𝑌𝑂𝑌−𝑡 +  𝛽𝑀 × 𝑀𝐴−𝑡) 
𝐸𝐿𝐴−𝑡+1 = 𝑆𝐿𝐴−𝑡 × (𝛽𝑁𝐷𝐶 × 𝐼𝑌𝑂𝑌−𝑡 + 𝛽𝑁𝐷𝐶 × 𝐼𝐴−𝑡 + 𝛽𝑁𝐷𝐶 × 𝐼𝐿𝐴−𝑡)
+  𝑆𝐿𝐴−𝑡 × (𝛽𝑀 × 𝑀𝑌𝑂𝑌−𝑡 +  𝛽𝑀 × 𝑀𝐴−𝑡) − 𝐸𝐿𝐴−𝑡 × 𝜎 
𝐼𝐿𝐴−𝑡+1 =  𝐸𝐿𝐴−𝑡 × (𝜎 × 𝜔) − 𝐼𝐿𝐴−𝑡 × 𝜇𝐷𝑖𝑠 
𝐷𝑒𝑎𝑑𝐿𝐴−𝑡 =  𝜇𝐷𝑖𝑠 × 𝐼𝐿𝐴−𝑡 , 
where symbols are defined in Table 3.2.  
Calibration and Simulation 
 I calibrated my model to match yellow perch length per age and density estimates 
in Leech Lake, MN. I first adjusted the activity level for the bioenergetics equation and 
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then the proportion of maximum consumption for juveniles until modeled length-at-age 
approximated observed length-at-age in Leech Lake (Figure 3.3).  The total number of 
yellow perch in Leech Lake was estimated by applying the density of yellow perch per 
hectare calculated in a similar system, Oneida Lake (83 adults/ha; Rudstam and Jackson 
2015), and then multiplying to the number of hectares in Leech Lake (41,661.5 ha). To 
calibrate to this target abundance, I first used mortality values from Lorenzen (1996; 
Table 1) and then adjusted the values until adult fish density equaled 83 adults/ha. I then 
calibrated fecundity by averaging the constants of the linear relationships from six studies 
describing perch fecundity by length (Fitzpatrick and Overton 2007, Brazo 1975, Gibson 
and Tsai 1971, Sheri and Power 1969, Lauer et al. 2005, Sztramko and Teleki 1977) and 
then adjusting the multiplicative value to fit the estimated population of Leech Lake 
(Table 3.1). I enacted a maximum YOY survival into the age-2 cohort at a maximum of 
2.5 x 106 individuals per year and created a density-dependent mortality adjustment for 
YOY to prevent extreme population cycles caused by too many or too few age-2 yellow 
perch (Population section; Table 3.1). I implemented a density-dependent consumption 
curve (skewed normal distribution) for adult fish (age two or older; Bioenergetics 
section) and a starvation mortality parameter (Population section) to both simulate 
hypothesized disease interactions and to limit adult survival at high densities. I allowed 
for a small proportion (6%) of the cohort to survive if mean perch weight was under the 
starvation parameter to prevent extreme “boom-and-bust” dynamics. These population 
parameters were initially adjusted in sequence, and then revisited and readjusted as 
needed until the model population equated the population estimate calculated from 
Oneida Lake (83 adults/ha; Rudstam and Jackson, 2015).  
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 I calibrated annual harvest in the model to the 2016 Leech Lake Creel Survey data 
yearly harvest (Tanner 2016, Pedersen and Schultz 2017) by first developing a function 
for fishing mortality by length. The fishing mortality function was developed by fitting a 
skewed normal distribution, calibrating the input values and then the amplifying constant 
until the resulting harvest values matched that of the 2016 Creel Survey (Figure 3.3).  
Once calibrated, I began my analysis by running two base-line simulations: one 
calibrated to Leech Lake including heterosporosis, and one calibrated to Leech Lake 
without heterosporosis, for thirty years.  I then modeled various scenarios involving 
disease, temperature and population parameters to identify the conditions under which 
heterosporosis is likely to cause large losses of yellow perch yield. I increased key 
disease (transmission by consumption and near direct contact, mortality of the disease, 
and growth tax) and environmental (variation in daily water temperature) parameters to 
understand the conditions necessary for disease influences on perch yield. These yield 
effects were compared to the yield from a disease-free population. I compared yield by 
summing yield outputs between years 10-30. This timeframe allowed the models to 
stabilize and simulated current disease dynamics.  
I ran additional simulations to pinpoint the transmission necessary for H. 
sutherlandae to remain stable in the system. I increased the NDC transmission by 0.1 
(and held the transmission static, so that it did not change with host stress; see Disease 
section) until I found a critical range of transmission values between H. sutherlandae 
extinction and persistence. I then increased the NDC transmission rate in increments of 
0.025 to determine the rate that allowed for H. sutherlandae to persist. I allowed the 
model to run for as many years as necessary for the proportion of infected individuals in 
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the population to stabilize. These simulations were performed with the other parameter 
values set to calibrated Leech Lake values. 
The elasticity analysis was performed by implementing a proportional change on 
each parameter of interest to understand which parameters had the greatest influence on 
yellow perch yield. Each parameter was increased and then decreased by ten percent, and 
the resulting yield was compared to the calibrated yield with population, weather, 
bioenergetic and disease parameter values set to estimated values for Leech Lake (Table 
3.1, 3.2). All other parameters were held at calibrated levels. The elasticity analysis 
parameters were chosen based on the uncertainty of each parameter (i.e., the parameters 
for which the value was estimated based on the literature or model calibration) or interest 
(i.e. disease parameters). Yield was summed between years 10 and 30 of a 30-year run, 
and then averaged over 50, 30-year runs. All functions were executed using R (Version 
3.4.1, R Core Team, 2017).  
Results 
 My model predicted that heterosporosis will not cause large decreases in yellow 
perch yield. The total population of yellow perch (excluding YOYs) in Leech Lake was 
estimated to be 3.5 x 106 individuals (Rudstam and Jackson, 2015), and the total yield 
without the disease was estimated to be 3.7 x 106 kg (Figure 3.3). My calibrated model 
with heterosporosis predicts a less than 1% difference from yield in Leech Lake with no 
heterosporosis (Figure 3.4).  Further, my model predicts that H. sutherlandae will 
disappear in Leech Lake within 25 years (Figure 3.5).   
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 Heterosporosis was only predicted to impact yield (31% reduction in harvest, 
Figure 3.5) when I increased and held the NDC transmission rate (so that it did not 
fluctuate depending on weight) well beyond its observed value (increase from βNDC = 
0.02 to βNDC = 0.375). Neither increasing the mortality caused by the disease from 0 to 
0.1 or doubling the rate of transmission by consumption (from 0.32 to 0.62) influenced 
yellow perch yield. Imposing a disease tax of 0.25, so that infected fish weighed 25% less 
than their healthy counterparts, also did not cause yield to decline.  
Heterosporosis was only predicted to remain in the population when I increased 
NDC transmission to 17.5x its observed value (βNDC = 0.02 to βNDC = 0.35). At 0.35 NDC 
transmission rate, infection prevalence remained stable at ~1x10-3% infected (111 fish) 
after 87 years. Heterosporosis remained at appreciable levels (greater than 1% infected 
population) in the system only at a NDC transmission rate of 0.375, stabilizing at ~12% 
infected population after 85 years. At 0.4 NDC transmission, the presence of infection 
stabilized at ~22% infected population after 38 years. Increasing the NDC transmission to 
0.5 stabilized the infection in 20 years at 63% infected population (Figure 3.5). 
Yellow perch yield appeared to be driven primarily by the variability in daily 
water temperatures, and its subsequent effects on yellow perch bioenergetics (Figure 3.4), 
and perch population parameters. The elasticity analysis showed that yellow perch yield 
was much more sensitive to parameters related to the bioenergetics and population 
models than to parameters related to the disease model (less than 1% change in yield 
compared to 183%; Figure 3.6). Increasing and decreasing the activity level (a parameter 
that scales basal metabolism with how active a fish is) by 10% decreased and increased 
yellow perch yield by 63 and 120%, respectively. The proportion of maximum 
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consumption of juvenile fish had the second-largest effect on yield, ranging between a 
24% decrease and a 17% increase. All disease-related parameters had less than a 1% 
effect on yellow perch yield.  
Discussion 
 My results indicate that H. sutherlandae is unlikely to have significant effects on 
yellow perch yield in Leech Lake, and may become extinct in the system in less than 25 
years. The rapid extinction of H. sutherlandae is likely because of the low near direct 
contact transmission rate (2%) measured in Tomamichel, Chapter 2. While transmission 
by consumption has a much higher transmission rate (31%), the disease is still only able 
to infect about 1/3 of the susceptible fish contacted through this route, while losing an 
infected individual to predation in the process. If the disease had a NDC transmission rate 
closer to a 0.375 - 0.4 scenario value, then the disease would have persisted. 
Additionally, the large number of YOY fish surviving into the next year (maximum 2.5 x 
106 in the population) compensated for the loss due to the low increase (1%) in predation 
of infected individuals. Increasing the mortality of the disease did not affect yield because 
infected individuals died before widely spreading the disease through NDC.   
The different model scenarios further demonstrate that H. sutherlandae is not a 
significant factor in yellow perch yield, and that yield is driven by energetic and 
population parameters. It is apparent from the different scenarios that variation in daily 
temperature is driving yellow perch yield. This is because of the effect that temperature 
has on yellow perch bioenergetics, which ultimately affect growth, mortality, 
transmission and fecundity. At high temperatures, the relative proportion of energy 
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invested in metabolism is greater than growth, and yellow perch can experience weight 
loss and mortality. If the temperature is too low, then fish are unable to efficiently 
translate consumed energy into growth (Kitchell et al. 1977).  Fish are more likely to 
experience these suboptimal thermal scenarios with increasing variation in temperature. It 
was only when the disease parameter of transmission by NDC was increased and held 
well beyond observed values (from 0.02 to 0.4), that H. sutherlandae impacted yield 
(infection persists at 22% of yield). At this high rate of transmission, fish experienced 
increased mortality due to disease and predation, as well as the tax on growth. Additional 
loss of yield is incurred due to angler discard of infected fish.  
Results of the elasticity analysis indicated that the system is primarily driven by 
changes to bioenergetics or population parameters, particularly activity level and juvenile 
consumption. This finding agrees with previous studies noting the large influence of 
activity level and consumption variables on energy budget estimates (Boisclair and 
Legett, 1989, Ney 1993), which, in my model, translates to changes in yellow perch 
weight and therefore yield. Fish with increased activity require more energy to maintain 
their weight, and therefore have less energy to devote to growth and reproduction. 
Because NDC transmission, mortality, reproduction and harvest are all size-dependent, it 
follows that activity level would have a significant impact on yield. Similarly, food 
consumption by juveniles affects how quickly the fish reach a harvestable and 
reproductive size and alters rates of mortality and disease transmission (due to increased 
NDC if cohort is underweight).  
Yield was most sensitive to mortality parameters (15-22% maximum change from 
healthy harvest). Mortality has a non-linear relationship with yield. Some increase in 
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mortality will increase yield due to the density-dependent consumption relationship, but 
if mortality is too high, it will cause a reduction in yield because few harvestable fish are 
available for anglers. Disease parameters had relatively little impact on yellow perch 
yield. If Tomamichel Chapter 2 had found that H. sutherlandae had a higher overall 
effect on growth or mortality, then the disease would likely have stronger effects on 
yellow perch yield. 
My assumption that H. sutherlandae could only be transmitted by consumption or 
NDC may have underestimated the impact on yellow perch yield.  Other microsporidians 
are known to transmit from infected females to offspring (Terry et al. 2004, Phelps and 
Goodwin 2008) and have the potential to create environmental spore pockets (Mote et al. 
2000). Hormonal stressors may also increase the transmissibility or severity of the 
disease (Hedrick 1998, Marcogliese and Pietrock, 2011). Other factors that affect fish 
health, particularly interactions with toxins (Gogal et al. 2000, Duffy et al. 2002, Swain et 
al. 2008), could also influence susceptibility to disease. Adjusting these factors would 
likely cause a larger outbreak of infection and a reduction in yield.  My model also does 
not account for angler avoidance in response to a high proportion of inedible perch in the 
catch, which would represent an additional reduction in yield. My model assumes 
homogeneity within age classes, disease stages, and the lake itself. Relaxing these 
assumptions may change disease dynamics, particularly if infected individuals are 
clustered, or if some individuals act as “super spreaders”. Additionally, I did not include 
infection by individuals of other species, dynamics that could influence the overall effect 
of disease on yield. A spatially-explicit, individual-based model with multiple species 
interactions could be used to explore these assumptions and hypotheses.  
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 H. sutherlandae appears unlikely to affect yellow perch yield in Leech Lake, but 
it could cause issues in populations that are stressed by water quality, food availability, or 
an additional disease burden. H. sutherlandae could also have a greater effect in 
aquaculture where fishes are stressed and raised at higher densities (Murray and Peeler 
2005, Bondad-Reantaso et al. 2005). H. sutherlandae also has the potential of creating 
spore pockets in the sediment (Miller 2009, Sharma et al. 2003), which could cause 
clusters of infection. I recommend surveys to monitor for potential sources of stress and 
fish populations for increased signs of infection (lesions), the submission fish for 
laboratory testing for H. sutherlandae prior to the introduction of new fish into a lake or 
aquaculture facility, and the education of anglers on the identification and proper disposal 
(by freezing; Miller 2009) of infected fish. Future research should focus on exploring 
disease dynamics under heterogeneous transmission and fish health scenarios, and 
investigate the existence of spore pockets and spore variability with time.  
 My model provides a useful framework for exploring the impact of infectious 
disease on fisheries. It incorporates the well-established and influential principles of 
fisheries population and bioenergetics modeling, and allows for disease to have a 
dynamic influence on, and be influenced by, these host physiological and life history 
parameters. By running different modeling scenarios, it is possible to evaluate the risk of 
many different parasites and explore mitigation strategies. This modeling system is 
adaptable to other fisheries species and disease systems provided that parameter values 
are known. Given that the newest edition of Fish Bioenergetics provides models for 73 
fish species (Deslauriers et al. 2017), the availability of FishBase, which includes 
information on the population dynamics for 200 commercial fish species (Froese and 
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Pauly 2017), and the increased interest in the diseases effecting fisheries (Noga 2010), it 
may be an opportune time to implement this integrated modeling system to help protect 
freshwater fisheries from losses due to disease.
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Table 3.1. Parameters used in elasticity analysis.  Parameter values are initially set to 
calibrated value to match yellow perch life history, bioenergetics, heterosporosis disease 
dynamics, and temperature to match conditions in Leech Lake (Calibration section). 
 
Parameter Value Source 
Activity level 1.3 Calibrated 
Density-dependent constant 1 1 Calibrated 
Density-dependent constant 2 37 Calibrated 
Disease tax 0 Tomamichel, Chapter 2 
Fecundity constant 3.3 Fitzpatrick and Overton 2007, Brazo 1975, 
Gibson and Tsai 1971, Sheri and Power 1969, 
Lauer et al. 2005, Sztramko and Teleki 1977; 
calibrated 
Mean air temperature 4.5 US Climate Data 2017 
Mortality constant 1 -0.04  Lorenzen 1996 (Table 1); calibrated 
Mortality constant 2 2.36  Lorenzen 1996 (Table 1); calibrated 
Mortality from infection*(μI) 0 Tomamichel, Chapter 2 
Mortality from predation by a 
susceptible individual 
0.01 Miller 2009 
Proportion initially exposed (E) 0.1 (only adults) Tomamichel, Chapter 2 
Proportion initially infected (I) 0.05 (only adults) Tomamichel, Chapter 2 
Proportion of maximum 
consumption by juveniles 
0.46 Calibrated 
Transmission rate by consuming 
an infected individual (βM) 
0.32 Tomamichel, Chapter 2 
Transmission rate by near direct 
contact (βNDC) 
0.02 Tomamichel, Chapter 2 
Variance in daily water 
temperature (SD) 
1 Handzo and Stefan 1993 
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Table 3.2. Parameters used in the system of equations used to simulate heterosporosis 
disease dynamics in yellow perch. Parameters correspond to Figure 3.2, and are used in 
system of discrete time equations. Static value refers to values that do not change 
throughout model runs. Values were derived from previous research or literature review. 
 
Symbol Initial value Description 
t One week Time step  
SYOY, SA, SLA 1, 0.85, 0.85 (Tomamichel, Chapter 
2) 
Proportion of susceptible Young of Years, 
Adults and Large Adults  
EYOY, EA, ELA 0, 0.1, 0.1 (Tomamichel, Chapter 2) Proportion of exposed Young of Years, 
Adults and Large Adults 
IYOY, IA, ILA 0, 0.05, 0.05 (Tomamichel, Chapter 
2) 
Proportion of infected Young of Years, 
Adults and Large Adults 
MYOY, MA, 0, 0, 0 Proportion of infected Young of Years and 
Adults which are eaten by a susceptible 
fish 
DeadYOY, DeadA, 
DeadLA 
0, 0, 0 Proportion of Young of Years, Adults and 
Large Adults that die from the disease 
βM 
 
0.32 (Tomamichel, Chapter 2, Static 
value) 
Transmission rate by consuming an 
infected individual 
βNDC 0.02 (Tomamichel, Chapter 2) Transmission rate by near direct contact 
σ 6 weeks (Static value; Phelps, 
unpublished data) 
Time spent before becoming infected  
μI 0.01 (Static value; Increased from 
Tomamichel, Chapter 2) 
Mortality rate by the disease 
μP 0.01 (Miller 2009) Mortality rate by predation by susceptible 
fish 
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Figure 3.1. Diagram describing integrated modeling approach where fish move from the YOY stage, to adult (A) and then to large 
adult (LA).Fish can ultimately die from disease or natural causes (mortality), be harvested, or be harvested then discarded. Arrows 
represent modeling inputs influencing the cohort’s movement between stages. Colors represent corresponding modeling discipline.
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Figure 3.2. Diagram of heterosporosis disease dynamics. Disease dynamics are described by the discrete time equations detailed in 
Disease section, with the exception of natural mortality, which is described in the Population section. Each large letter represents a 
disease compartment: “S” is susceptible, “E” is exposed, “I” is infected, “Dead” is individuals which died from disease or natural 
causes, “M” is individuals which were consumed by susceptible fish while infected, and “i" represents the maximum age for yellow 
perch (10 years). Initial or static values for figure can be found in Table 3.1. 
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Figure 3.3. Model results from a healthy harvest of Leech Lake. Panel (a) depicts the 
average length per year of yellow perch in Leech lake. The black line corresponds to the 
average weight of yellow perch collected from the Fall of 2015 Minnesota Department of 
Natural Resources annual gill netting efforts on Leech Lake, and the red line is the cohort 
weight from the model at the end of the first year. Panel (b) depicts the number of perch 
harvested per year by length. The black line represents data from Leech lake creel 
surveys (Tanner 2016, Pedersen and Schultz 2017), and the red line is the modeled 
harvest at the end of the first year. 
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Figure 3.4. Modeled disease scenarios in Leech Lake. Bars represents the proportion of 
yield summed between years 10-30 of a 30 year run compared to the same summation of 
yield in Leech Lake without heterosporosis infection. Numbers at the top of bars 
represent the SD value in the sine temperature function (see Bioenergetics section). The 
acronym “HTSP” indicates disease parameters that match those estimated for Leech Lake 
(Table 3.1.), and “Healthy” indicates a run where heterosporosis was not present in the 
lake. “Dis. Tax” represents the proportional reduction of weight compared to healthy 
individuals of the same cohort if the fish is infected (see Disease section). “Static” 
indicates that the parameter is held constant throughout model years. Yield that is 
infected (red bars) would likely be discarded by anglers (Phelps et al. 2015, Tomamichel, 
unpublished data), therefore net yield is represented by blue bars. All other parameters 
are defined in Table 3.2. 
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Figure 3.5. Diagram of modeled presence of heterosporosis in Leech lake under various near direct contact transmission (βNDC) 
scenarios. All panels depict the percentage of fish infected with heterosporosis compared to the entire population at the end of the 
year. Panel (a) depicts presence of heterosporosis under calibrated Leech Lake scenario (βNDC = 0.02). The arrow in panel (a) 
indicates the year that there are zero infected fish in the population. Panels (b-e) again depict the percentage of infected fish in the 
population at the end of the year, but with varying βNDC values (0.35, 0.375, 0.4, 0.5, respectively). All other parameters are kept at 
the calibrated Leech Lake values, and βNDC is kept static between years. 
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Figure 3.6. Elasticity Analysis. Percent change in yield is calculated by taking the 
average from 50 runs of the sum of the yield between years 10-30 in a 30 year model run, 
and comparing that yield to the same average yield of the population with calibrated 
heterosporosis values. Healthy Harvest is defined as the average sum of annual yield 
between years 10-30 of a 30 year model run from fish harvested in a simulated Leech 
Lake without infection.   Red bars represent change in harvest after a 10% increase in the 
parameter, green bars represent change in harvest after a 10% increase of the parameter. 
Letter inside brackets represent modeling discipline, where [B], [P], [T], and [D] refer to 
the bioenergetics, population, temperature and disease model respectively. The astericks 
indicate that the initial variable was calibrated to zero, and therefore the -10% value was 
not evaluated and the +10% value is set to 0.1.
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Chapter 4 
General discussion and conclusions 
Freshwater fisheries are important to human welfare and global ecosystems (FAO 
2016, Beveridge et al. 2013, Youn et al. 2014, Arlinghaus et al. 2002, Ditton et al. 2002, 
Cooke and Murchie 2015, McQueen et al. 1986, Leveque 1995). However, fisheries have 
been declining (FAO 2016, Dudgeon et al. 2006, Post et al. 2002) due to 
overexploitation, environmental stressors, conflicting water management priorities, and 
invasive species (Cooke and Murchie 2015, Marcogliese 2008, Dudgeon 2006). There 
has been a recent increase in aquaculture production in an effort to reduce the burden on 
wild stocks (FAO 2016). Unfortunately, aquaculture can amplify endemic diseases (Pike 
1989, Costello 2006) and expose naïve populations to invasive or emerging parasites 
(Marcogliese 2008, Peeler and Feist 2011) that may threaten native fish species.  
 My research provides a tool to evaluate the risk posed by contagious disease to 
fisheries populations. I modeled the impact of Heterosporis sutherlandae on a yellow 
perch yield in a Minnesota Lake by drawing on three modeling disciplines: bioenergetics, 
population, and compartmental disease modeling. Integrating these disciplines allows for 
the consideration of interactions between host population structure, life history, 
bioenergetic conditions, the environment, and disease dynamics to provide a more 
complete understanding of the effects of disease. This integration aids the development of 
more comprehensive management or mitigation plans to combat fisheries loss due to 
disease.  
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  In Chapter 2, I investigated the wild presence, host demographic factors 
associated with infection, as well as laboratory transmission and effects on growth and 
mortality. I found a low prevalence of infection in wild caught fish (average 6% of fish 
infected across all seasons) and no demographic factors (such as length, weight, sex, etc.) 
were associated with infection. In the laboratory, there was low transmission by the 
consumption of infected tissue (23-31% of fish exposed became infected) and very low 
transmission by cohousing susceptible individuals with infected (near direct contact 
transmission, 2%). I was unable to detect impacts on mortality or growth. These findings 
suggest that H. sutherlandae is difficult to transmit, and may be slow-growing (i.e., 
growth and mortality effects may become apparent after an extended period of disease 
development).  
In Chapter 3, I used the disease factors that I estimated in Chapter 2 to 
parameterize an integrated disease model. I incorporated elements of bioenergetics, 
population and disease modeling to predict the impact that heterosporosis will have on 
the yield of yellow perch in Leech Lake. My model predicts that heterosporosis is 
unlikely to cause significant losses in yield, and may go extinct in Leech Lake within 25 
years. Only when I increased the NDC transmission to 20x the observed value did the 
model predict significant reductions in yield. Parameters relating to host life history or 
population dynamics were more influential to yellow perch yield: a 10% increase in 
activity level resulted in a 120% change in yield, while the same change to all disease 
related parameters had less than a 1% change in yield. These results indicate that 
heterosporosis is unlikely to impact the yellow perch fishery under current conditions in 
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Leech Lake, and highlights the importance of integrated models when evaluating fish 
population health.  
Changes to the yellow perch population in Leech Lake may alter the interpretation 
of H. sutherlandae’s impact to the fishery. Research conducted in 2004 estimated a 28% 
infection prevalence of the parasite in yellow perch (Tomamichel et al. unpublished data), 
indicating that heterosporosis has the potential to be widespread. It may be that yellow 
perch in Leech Lake have developed a resistance to the pathogen (Rodriguez-Tovar et al. 
2011), and that once resistance is lost in the host population, or if the parasite is 
introduced to a naïve population, H. sutherlandae may reemerge (Keeling and Rohani 
2008). Additionally, a pollutant (Marcogliese and Pietrock 2011), unusual weather 
pattern (Antonio and Hedrick 1995), concurrent disease outbreak (Bromenshenk et al. 
2010), or unidentified stressor may weaken fish immunity and cause an increase in the 
virulence or prevalence of disease (Stentford et al. 2016).  
Researchers should continue to investigate components of H. sutherlandae to 
better understand its potential for disease outbreaks. It may be that my laboratory 
experiments did not include a critical temperature at which the pathogen becomes more 
influential (e.g., temperatures more similar to Minnesota lake systems, between 4-20 °C). 
It is also important to understand the extent to which H. sutherlandae spores survive and 
are infectious outside the fish host, and if the parasite transmits vertically. Infection may 
be clustered among individuals in a lake system, or transmission may be increased in 
“super spreader” host.  The development of an individual-based model will allow for 
simulations of spatially – dependent disease dynamics and individual host heterogeneities 
in transmission and mortality which may alter interpretations of the effect of 
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heterosporosis. The refinement of disease models to include individual behavior and 
physiology has altered predictions of other diseases in humans and animals (Small et al. 
2006, Stein 2011, Rushmore et al. 2017).  
My results direct managers to monitor for and manage fish populations against H. 
sutherlandae outbreaks. Monitoring can coincide with other fish health monitoring 
procedures because diagnosis of the microsporidian is straight forward (Chapter 2). 
While my model predicts H. sutherlandae will go extinct in Leech Lake, this may not be 
the case for every lake containing the parasite. Different host physiological, disease 
transmission, or environmental parameters such as those outlined above may cause 
heterosporosis to have greater impacts on the fish population. With continued monitoring, 
it will be possible to detect long term trends of the disease and increasing presence or 
severity over time would be an indication that the pathogen has become more serious 
than was predicted. Managers could then intervene to mitigate impacts on the fishery 
through public education, or, in severe circumstances, restrict movement of fish in (i.e. 
stocking, if the stocking source contains H. sutherlandae) or out of affected lakes (to 
prevent disease spread). Educating the public is a critical component to management of 
H. sutherlandae. I recommend that managers inform anglers of the symptoms of 
heterosporosis (i.e., lesions) and of proper disposal methods for infected fish (freezing; 
Miller 2009). These measures should reduce the impact of the disease by preventing the 
addition of spores from outside sources or from harvested infected fish and reduce the 
risk of a highly pathogenic H. sutherlandae strain from entering into a naïve system.  
My model contributes uniquely to the field of fish disease modeling. As concern 
for fish diseases rises due to the continued interconnectivity of the world, changing 
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climate, and the amplification of diseases in aquaculture, it is important to have tools that 
can comprehensively evaluate the effect of disease on a population. Viewing diseases as 
isolated systems ignores essential elements that dramatically shift disease cycles and 
consequently population health. The environment can play a key role in disease cycles by 
altering transmission and disease related mortality (because individuals in the population 
have altered health/immune functionality due to temperature stress or food availability). 
Population dynamics also shift disease parameters by changing contact rates between 
disease classes and the proportion of susceptible individuals. Human influences, such as 
the harvest of fish, can also have important effects on population and therefore disease 
dynamics. When anglers harvest adult fish, they change the size structure in the 
population. This has important influences on fish-parasite relationships (Wood et al. 
2010), and in the case of H. sutherlandae, reduces the number of individuals that can 
consume infected prey: the transmission route most effective at spreading heterosporosis.   
Using my model, it is possible to parse fish diseases into different damage 
potential categories; however, a refined understanding of the system is required to 
develop a similar model, which restricts its use to only well-understood fish species (e.g., 
popular game fish or laboratory species) or pathogens. Population and disease metrics are 
the most difficult to obtain. Natural mortality is notoriously difficult to estimate (Vetter 
1988), and plays an important role in predicting yield (Chapter 3). While the disease 
parameters are relatively few (transmission, disease tax, mortality, prevalence), 
performing laboratory experiments or field studies to estimate these parameters are often 
labor-intensive and difficult to determine accurately.  The bioenergetic parameters are 
readily available (Deslauriers et al. 2017) but are limited to 73 and by estimation 
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accuracy (Boisclair and Legett, 1989, Ney 1993). Calibrating the model to fit the system 
of interest is also labor-intensive (Chapter 3). Additionally, this model is likely only 
suitable to isolated lake or aquaculture systems, where populations can be considered 
“closed” and transmission is limited to between individuals within that population 
(McCallum 2004).  
My model provides a unique look at how disease can transmit and effect a fish 
host population by accounting for many of the elements that make up total host 
population health. To predict long-term effects of disease in aquatic systems, researchers 
should incorporate bioenergetics to determine individual host susceptibility, then a 
population model to understand contact rate changes in a population, and finally use a 
disease model to iterate through multiple years of infection dynamics. This process will 
allow managers to make important management decisions to mitigate impacts of disease 
in freshwater fisheries.  
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